The differentiation-related gene-1 (Drg-1) was first identified as a gene strongly upregulated by induction of differentiation in colon carcinoma cells in vitro, and later the same gene was shown to suppress tumorigenicity of human bladder cancer cells in vivo. On the other hand, we and others have demonstrated that the Drg-1 gene suppresses prostate and colon cancer metastases in mouse models. In the context of such potential organ-specific differential function of the Drg-1 gene, the present study was designed to clarify the expression status, regulation and function of Drg-1 in the case of human breast cancer. We found that the expression of the Drg-1 protein was significantly reduced in breast tumor cells, particularly in patients with lymph node or bone metastasis as compared to those with localized breast cancer. Drg-1 expression also exhibited significant inverse correlation with the disease-free survival rate of patients and emerged as an independent prognostic factor. The downregulation of the Drg-1 gene appeared to be largely at the RNA level, and the DNA methylation inhibitor, 5-Azacytidine, significantly elevated the Drg-1 gene expression in various breast tumor cell lines. Furthermore, we found that overexpression of the Drg-1 gene suppresses the invasiveness of breast cancer cells in vitro, and this suppression was also achieved by treatment of cells with 5-Azacytidine. Together, our results strongly suggest functional involvement of the Drg-1 gene in suppressing the metastatic advancement of human breast cancer.
The differentiation-related gene-1 (Drg-1) gene was originally identified by differential display as being significantly upregulated by induction of differentiation in colon carcinoma cells in vitro (van Belzen et al., 1997) . The gene was mapped to human chromosome 8q24.2, and Drg-1 mRNA was found to be expressed almost ubiquitously with the highest level of expression in kidney, prostate, ovary and intestine (Guan et al., 2000) . Drg-1 encodes a 43 kDa protein that possesses three unique 10-amino-acid tandem repeats at the C-terminal end (van Belzen et al., 1997) . However, the biochemical function of the protein remains largely unknown. Interestingly, using the differential display technique, several groups independently identified Drg-1 as a target of various stimuli, including hypoxia, androgen, homocysteine, Ni 2 þ , N-Myc and PTEN (Kokame et al., 1996; Lin and Chang, 1997; Zhou et al., 1998; Okuda and Kondoh, 1999; Ulrix et al., 1999; Park et al., 2000; Unoki and Nakamura, 2001 ). In addition, the tumor suppressors p53 and von Hippel-Lindau factor have been shown to modulate Drg-1 gene expression in vitro (Kurdistani et al., 1998; Masuda et al., 2003) . Recently, we have shown that overexpression of the Drg-1 gene almost completely suppressed lung metastasis of prostate tumor cells in a SCID mouse model without affecting primary tumor growth (Bandyopadhyay et al., 2003) . The metastasis suppressor activity of Drg-1 has also been observed in colon cancer cells in vivo (Guan et al., 2000) . On the other hand, introduction of Drg-1 cDNA in human bladder cancer cells has been shown to suppress tumorigenicity in nude mice (Kurdistani et al., 1998) . Therefore, the results of these studies raise an interesting possibility of differential organ-specific function of Drg-1, while several in vitro studies indicate this gene to be the target of multiple regulatory pathways. Despite such intriguing function of Drg-1, relatively few data are available to assess the role of this gene in clinical setting of human cancer. Recently, as the first statistical evaluation of Drg-1 protein expression in the context of tumor progression, we have shown that the expression of the Drg-1 gene has statistically significant inverse correlation with advancement of prostate cancer and with patient survival (Bandyopadhyay et al., 2003) . In this report, considering the differential organ-specific function of Drg-1 in tumor progression, we sought to clarify the role of Drg-1 in human breast cancer progression. For the present study, 85 surgically resected breast tumor specimens were randomly selected from surgical pathology archives of the Akita Red Cross Hospital (Akita, Japan). The specimens dated from 1993 to 1997 and the ages of the patients ranged from 29 to 79 with a mean of 54 years. Histological grades of the tumors were determined by pathologists according to Bloom and Richardson criteria. Complete 5-year followup data were available for all the patients, and those who died of other causes were eliminated from the study. In order to examine the status of Drg-1 gene expression in clinical setting, immunohistochemical analysis of Drg-1 expression was performed on the above set of breast cancer patient samples. As shown in Figure 1A , we found that the Drg-1 protein was highly expressed in the epithelial cells of normal mammary duct-lobular units while the protein expression was generally reduced in the tumor cells. In all cases, the protein was detected at high level in the cytoplasm of normal mammary epithelial cells, and some of the normal ducts and lobules also had strong membranous expression of Drg-1. In addition, the basal cell layers showed high level of Drg-1, while the stroma did not have any detectable level of expression. For each breast cancer case, the level of Drg-1 expression was quantitatively judged by calculating the average staining intensity for all tumor cells in a given specimen following a previously used scoring criterion (Davol et al., 2003) . Staining intensities of the tumor cells were scored on a 0-3 scale ( Figure 1B , a-d) by two independent persons blinded to the patients' outcomes and clinicopathological characteristics. These intensities were multiplied by the percentage of tumor cells at each intensity to reflect accurately the heterogeneity of the tumor staining. The results were then summed and divided by 100 to achieve a scale of 0-3. All the tumor specimens blinded to clinical characteristics were then randomized into 'Instructing' and 'Validating' groups of 40 and 45 patients, respectively, and a validation analysis was performed. Among all the potential cutoff points, 1.6 was found to be the best cut point in terms of predictivity. Accordingly, patients were divided into 'positive' (X1.6) and 'reduced' (o1.6) with respect to Drg-1 expression. The two scorers had a 95% concordance in assignment of patients to positive versus reduced Drg-1 score. The Drg-1 protein was detected consistently in the normal mammary gland cells in all the cases, while the Drg-1 expression was significantly reduced in the tumor cells of nearly 30% patients ( Figure 1C ). Most importantly, a significant level (overall P-value ¼ 0.01) of differential expression of Drg-1 was observed between the patients with organconfined disease (T x N 0 M 0 ) and those with metastasis to lymph node or bone (T x N 1-3 M 0 and T x N 1-3 M 1 ). As shown in Figure 1C , while only three patients (10.3%) exhibited reduced Drg-1 expression out of 29 localized breast cancer cases, 19 (37.3%) and three (60%) patients were negative for Drg-1 expression among the 51 and five cases with different degrees of metastases respectively (P ¼ 0.02 and 0.04). Thus, the expression level of Drg-1 had a significant negative correlation with metastatic spread to lymph node and bone, but did not show any significant correlation with the size or the histological grade of the primary tumor ( Figure 1C ). These results strongly suggest the negative involvement of Drg-1 in the process of metastasis to lymph node and bone in breast cancer.
Recently, Drg-1 mRNA expression has been shown to increase in a p53-dependent manner in certain bladder and breast cancer cell lines in vitro (Kurdistani et al., 1998) . Drg-1 expression has also been suggested to be modulated by androgen in prostate cancer cell lines, although there is some controversy (Lin and Chang, 1997; Ulrix et al., 1999) . To evaluate whether there is any relation between Drg-1 and p53 or estrogen receptor (ER) in vivo, we examined the status of these markers in the present set of breast cancer samples. For p53 and ER immunostaining, percentage of the tumor cells with positive nuclear staining was determined. In addition, 10 fields on each slide were randomly chosen and the expression of each of Drg-1, p53 and ER was comparatively observed in the same field. However, no significant correlation of Drg-1 protein expression was observed with either p53 or ER status ( Figure 1C ), suggesting that Drg-1 is predominantly regulated by pathways independent of p53 and estrogen signaling in vivo.
In order to determine whether the reduction of Drg-1 protein in tumor cells corresponded to the reduction at the mRNA level, RT-PCR analysis was performed. Four representative clinical samples were chosen that exhibited clear downregulation of Drg-1 in tumor cells by immunohistochemistry, and paired tumor and nontumor mRNA was analysed from each patient. As shown in Figure 1D , in three out of the four cases, there was significant reduction of Drg-1 mRNA in the tumor cells compared to the normal counterparts, while equal Immunohistochemical staining was performed on formaldehydefixed, paraffin-embedded human breast tissue sections as described before (Bandyopadhyay et al., 2003) . The following antibodies were used for this study: anti-Drg-1 rabbit polyclonal antibody (1 : 150); anti-p53 mouse monoclonal antibody (clone DO-7, Dako Corp., Carpentaria, CA, USA) (1 : 100); and anti-estrogen receptor mouse monoclonal antibody (clone 1D5, Dako Corp., Carpentaria, CA, USA) (1 : 70). (A) Cancer and normal tissues treated with Drg-1 antibody (a). Note that strong expression of Drg-1 is detected in normal mammary lobules (arrowhead), while the expression is found to be significantly reduced in the invasive tumor mass (arrow) in the same section. The same tissue section is treated with preimmune serum (b). (B) Drg-1 staining of four different breast tumors chosen to represent the four levels of staining intensity. (a), (b), (c) and (d) correspond to intensities 0, 1, 2 and 3, respectively. (C) Drg-1 expression with respect to other clinicopathological parameters was statistically analysed by standard w 2 test using SPSS software. *Statistically significant difference (Po0.05). (D) Drg-1 expression is reduced at the RNA level in mammary tumor cells. Paired tumor (T1-T4) and normal cells (N1-N4) were isolated from the paraffin-embedded tissue sections of four selected subjects by microdissection under a microscope and total RNA was isolated using the Pinpoint RNA isolation system (Zymo Research, Orange, CA, USA). Total RNA was reverse-transcribed and the cDNA was then amplified with a pair of 5 0 and 3 0 primers for the Drg-1 gene (5 0 GCGAATTCGCCACCATGTCTCGGGAGATGCAGGATG and 5 0 -ATGGTAGGTGAGGATGACAGG) or human b-actin (Stratagene). PCR was performed for 45 cycles using the following profile: 941C, 1 min; 551C, 1 min; 721C, 1 min Drg-1 in breast cancer S Bandyopadhyay et al amount of b-actin expression was observed in all the samples. This result suggests that the significant downregulation of the Drg-1 gene in cancer cells is for the most part at the RNA level.
In order to evaluate the prognostic value of the Drg-1 gene, univariate analysis for disease-free survival over a 5-year period was performed on the 85 patients. As shown in Figure 2a and b, patients positive for Drg-1 Drg-1 in breast cancer S Bandyopadhyay et al had significantly more favorable prognosis than those with reduced expression of the gene (P ¼ 0.002, log-rank test). Among the various other parameters tested in univariate analysis, histological grade and metastasis status exhibited significant correlation with patient survival (Figure 2b ), while levels of p53, ER, tumor size and patient's age did not have any significant correlation (data not shown). In multivariate Cox regression analysis involving Drg-1 expression, histological grade and metastasis status, Drg-1 emerged as a statistically significant independent prognostic factor ( Figure 2b) . The odds ratio for Drg-1 is 2.435 (95% CI 1.030-5.760, P ¼ 0.043), implying that the death risk of patients with reduced Drg-1 expression within a specific time was 2.4 times higher than the risk of patients to die within the same time course with Drg-1 positivity. Thus, the reduced expression of Drg-1 can be a strong predicator of lymph node and bone metastases and, in turn, of patient survival. Therefore, these data underscore the clinical relevance of the Drg-1 gene in advancement of breast cancer.
Because the low levels of Drg-1 mRNA and protein expression strongly correlate with poor clinical outcome, the regulatory mechanism of this gene is of significant interest. One notable mechanism of transcriptional inactivation that has been defined in different types of human cancer is aberrant methylation of cytosines located 5 0 to guanosines (CpG) in the promoter region of tumor suppressor and metastasis suppressor genes. Scanning the 5 0 upstream region of the Drg-1 gene revealed two potential CpG islands, at positions À24 to À687 and À837 to À1494 upstream to the transcription start site, thereby suggesting that DNA methylation may contribute to the regulation of this gene. To test the possibility that alterations in DNA methylation could influence Drg-1 expression, cells from human breast carcinoma cell lines MDA-MB-435, MDA-MB-231, MDA-MB-468 and MCF-7 were treated for 4 days with DNA methylation inhibitor, 5-Azacytidine. In all the cell lines tested, demethylation resulted in a notable increase in the expression of Drg-1 at both mRNA and protein levels to different extents Figure 2 Drg-1 expression is correlated with survival rate in breast cancer. (a) Disease-free survival (DFS) rate over a period of 5 years was analysed in 85 breast cancer patients in relation to Drg-1 expression by the Kaplan-Meier method, and P-value was determined by log-rank test. The solid and dotted lines indicate Drg-1-positive patients and patients with reduced expression of Drg-1, respectively. (b) Univariate survival analysis by log-rank test and multivariate analysis using Cox proportional hazards regression model were conducted to assess the independent contribution of the indicated factors to disease prognosis. In all cases, SPSS software was used Drg-1 in breast cancer S Bandyopadhyay et al (Figure 3 ). In the case of MDA-MB-231 and MCF-7 cells, significant enhancement of Drg-1 protein was observed even by 0.05 mM 5-Azacytidine treatment, while in MDA-MB-435 and MDA-MB-468 cells, the significant effect was observed at 0.2 mM dose. In all cases, the expression of b-actin or tubulin remained unchanged (Figure 3 ) and the rate of proliferation remained unaffected (data not shown). These results suggest that Drg-1 expression at the transcriptional level is controlled at least in part by hypermethylation of CpG islands and that inhibition of the methylation is capable of restoring the Drg-1 expression, which is in good agreement with the previous finding in a colon cancer cell line (Guan et al., 2000) .
Since the expression of the Drg-1 gene is found to be inversely correlated with metastasis in the clinical samples, we examined the effect of Drg-1 on cell motility and invasiveness to obtain further insight into the functional role of Drg-1 in breast tumor progression. As shown in Figure 4a , overexpression of Drg-1 significantly reduced invasiveness of the MDA-MB-468 cells in Matrigel-coated invasion chamber (P ¼ 0.01), as compared to cells transfected with empty vector. However, the motile abilities of both the parental and transfected cells were virtually unaffected (Figure 4b ). These data suggest that Drg-1 suppresses the invasive ability of breast cancer cells in vitro, which is consistent with the marked reduction of Drg-1 expression in patients with metastasis, as evident by the immunohistochemical analysis. This result is also in good agreement with the results previously reported by us and others for prostate and colon cancer cells, respectively (Guan et al., 2000; Bandyopadhyay et al., 2003) . Since Drg-1 expression was found to be enhanced by demethylation of CpG islands, we tested whether the same demethylating agent could reduce the invasiveness of the MDA-MB-468 cells by restoring the Drg-1 expression. We found that 5-Azacytidine treatment reduced the invasive capability of MDA-MB-468 cells by approximately threefold (Po0.05), which was associated with enhancement of Drg-1 expression (Figure 4c and inset) . These results suggest that the effect of 5-Azacytidine on invasiveness of mammary Figure 3 Drg-1 expression is modulated by DNA methylation. Human breast carcinoma cell lines MDA-MB-468, MDA-MB-435, MDA-MB-231 and MCF-7 were cultured in RPMI-1640 medium supplemented with 10% FCS, streptomycin (100 mg/ml), penicillin (100 U/ml) and 250 nM dexamethasone at 371C in a 5% CO 2 atmosphere. The cells were treated with increasing concentrations of the methyltransferase inhibitor, 5-Azacytidine, or media alone, as indicated, for 4 days, and the media containing the inhibitor was refreshed each day. Expressions of Drg-1 and b-actin were examined by semiquantitative RT-PCR (left panel). Briefly, RNA was extracted by the RNeasy kit (Qiagen), and RT-PCR was performed using the same set of primers as described in Figure 1D legend. Expression of Drg-1 was also analysed by Western blot (right panel), using the anti-Drg-1 rabbit polyclonal antibody (1 : 5000), as described before (Bandyopadhyay et al., 2003) Figure 4 Drg-1 suppresses invasiveness of breast cancer cells in vitro. Drg-1 expression plasmid, pcDNA.3/Drg-1 (Bandyopadhyay et al., 2003) , or the vector, pcDNA.3, was transiently transfected into the MDA-MB-468 cell line by TransIT-TKO transfection reagent (Mirus Corporation, WI, USA). At 48 h post-transfection, the cells were collected and subjected to an in vitro invasion assay (a) and motility assay (b) as described before (Bandyopadhyay et al., 2003) . The expression of Drg-1 was tested by Western blot for Drg-1, as described in Figure 3 legend. (c) MDA-MB-468 cells were treated with ( þ ) or without (À) 0.2 mM 5-Azacytidine for 4 days. The cells were then trypsinized and subjected to in vitro invasion assay. The same cells were also examined for Drg-1 and tubulin expression by Western blot (inset). All assays were performed in triplicate. *Statistically significant difference (Po0.05) as calculated by one-way ANOVA using SPSS software Drg-1 in breast cancer S Bandyopadhyay et al tumor cells is at least partially mediated through Drg-1 and further support our notion that Drg-1 could act as a metastasis suppressor for breast cancer by affecting the step of invasion through the extracellular matrix.
The role of the Drg-1 gene in the context of human cancer has just begun to be explored. In this report, we have shown for the first time by statistical clinical evaluation that Drg-1 downregulation predicts breast cancer metastasis and poor survival. In addition to the diagnostic and prognostic value, understanding the mechanism of action of this gene is of considerable interest. Our results indicate that Drg-1 suppresses invasion of MDA-MB-468 breast tumor cells through the resconstituted extracellular matrix in vitro. Previously, it was shown that induction of MAPK activity by TGF alpha correlates with in vitro invasion in MDA-MB-468 cells, which can be inhibited by anti-sense MEK (Krueger et al., 2001) . Therefore, it is tempting to speculate that Drg-1 may cross-talk with the MAPK pathway components leading to suppression of invasion. It is noteworthy that another downstream component of the MAPK pathway, MKK4, has been shown to suppress metastasis of prostate and ovarian cancer in vivo (Kim et al., 2001; Yamada et al., 2002) .
The organ-specific function of Drg-1 is also an intriguing observation. Drg-1 overexpression specifically suppressed metastases of prostate and colon carcinoma cells without affecting the primary tumor growth, while the same gene significantly reduced in vivo tumorigenicity of bladder cancer cells. This apparent contradiction could be at least partly explained by organ-specific microenvironment, since numerous studies have pointed toward the influence of microenvironment in tumor progression. However, the difference in microenvironments may not be sufficient to account for this discrepancy because Drg-1 overexpression in vitro was shown to cause cell growth arrest in EJ bladder cancer cell line, while the growth rates of the prostate and colon cancer cells were reported to be unaffected (Kurdistani et al., 1998; Guan et al., 2000; Bandyopadhyay et al., 2003) . Therefore, the distinctive property of the cell types is also considered to be an important factor leading to this phenomenon.
Our finding of the significant downregulation of Drg-1 with metastatic progression of breast cancer in clinical setting prompted us to explore the regulatory mechanism of this gene with the hope of restoring its expression in tumor cells. RNA analysis from clinical samples suggested that the downregulation of Drg-1 is at least partially at the RNA level. This is also consistent with a previous report in which Drg-1 mRNA was shown to be reduced in a small set of breast and prostate tumors by in situ hybridization (Kurdistani et al., 1998) . More importantly, we observed that reduced expression of Drg-1 could be restored by DNA methylation inhibition and that this was associated with restoration of the anti-invasive phenotype of the Drg-1 gene. Notably, metastasis suppressor gene nm23H1 has also been shown to be controlled by methylation of CpG islands, the inhibition of which restores the gene expression and its effect on motility suppression (Hartsough et al., 2001) . Alteration of the methylation pattern of genes that predict breast cancer metastasis, such as nm23H1 and Drg-1, can have a potential diagnostic value since sensitive methylation-specific PCR technique can detect the methylation pattern of the genes from tumor cells in ductal lavage fluid (Evron et al., 2001) .
In conclusion, the data presented in this paper clearly indicate the significant involvement of the Drg-1 gene in breast cancer progression and point toward a potential role of this gene in suppressing tumor metastasis, which remains the most crucial cause of mortality in breast cancer.
